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AN ATMOSPH ERIC PRR^ST IRE PLASMA ASSEMBf ,Y 

[0001] The present inveniion relates to an atmospheric pressure plasma assembly and 

a method of treating a aubstrate using said assembly. 

5 

[0002J When maner is continually supplied with eneigy, its tempemUire increases and it 

typically transfonns from a solid to a Uquld and, then, to a gaseous state. Condnuing to supply 
energy causes the system to undergo yet a further change of state in which neutral atoms or 
molecules of the gas are broken up by omsfgeiic collinons to produce negatively chained 

10 electrons, positive ornegativclycharged ions and other species. This mix of charged panicles 
exhibiting collective behaviour is called ^'plasma", the fourth state of matter. Dm to their 
electrical chaigB, plasmas are highly influenced by external dcctromagnetic fields which makes 
them madily controllable. Furthermore!, their high enetg/ contani allows tfiem to achieve 
processes which am impnssible or difHcaJt through the other states of matter, such as by liquid 

15 or gas processing. 

[0003] The term 'Vlaatna" cov^ a huge range of systems whose dend^ and 

temperatuic vary by many orders of magnitude. Some plasmas are very hot and all their 
nricroscopic species (Jons, cleotfons, etc.) are in iqjpmximare thermal equiUbiium, the energy 

2 0 fatpul into the system being widely distributed through aioraic/molecular level collisions. Other 
plasmas, howevei. paiiicular Uiose at low pressure (c.g.100 Fa) where collisions arc relatively 
infrequent, have their constituent species ai widely different temperatures and are called "non- 
thermal equilibrium" plasmas. In diese non-thermal plasmas the frce electix»n5 are very hot with 
temperatures of many thousands K whilst the neutral and ionic species remain cool. Because 

25 the free electronics have almost negligible mass, the total system heat content is low and the 
plasma operates close to room temperature thus allowing tlie processing of lempeimure 
sensitive materials, such as plastics or polymers, without imposing a damaging thermal burden 
onto the sample. However, the hot electrons create, through high eneigy oollisions, a rich 
source of radicals and excited species with a high chemical potential energy capable of profound 

30 chemical and physical reactivity, ft is this combinations of low temperature opemion plus high 
rwcri vity which makes non-thermal plasmas technologically important and a very powerful tool 
for manufacturing and material jwocessing. capable of achieving processes which, if achievable 
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at all without plasma, would rBquiro veiy high temperatures or noxious and aggressive 
ohemiealjs. 

[0004] For industrial applicatioTi » of plasma techrtology, a convenient method is to 

5 couple electromagnetic power into a volume of process gas which can be mixtures of gases and 
vapours in which the workpiecefs/^ampies to be treated are immei^ed orpassed through- The 
gas becomes ionised into plasma generating the chemical r4dicals, UV-radiation, and ions 
which react with the surface of the samples. By correct selection of process gas composition, 
driving power frequency, power coupHns mnrl^*,, pT^jjsiire and other control parameters^ the 
1 0 plasma piocess can be tailored to the specific application required by the manufacuii^, 

[0005] Because of the huge chemical and thermal range of plasmas* they axe suitable for 

many technological ^plications which are being continually extended. Non-theimal 
equilibrium plasmas are paiticularly effective for surface acti vatioHp surface cleanings material 
1 5 etching and coating of surfaces, 

[0006] The surface activation of polymeric materials is a widely used industrial plasma 

l^hnolo^ pioneered by the automotive industry. Thus, for example, the polyoiefincs, such as 
polyethylene and polypropylene, which are favoured for flieir recyiabilily, have a non-polar 
2 0 surface and consequent poor disposition to coaling or gluing, Howev^, treatment by oxygen 
plasma results in the formation of surface polar groups giving high wettability and cof isequenl 
excellent coverage and adhesion of metal pant, adhesive or other coating. Thus, for example, 
plasma surface engineering is essential to the manufacture of vehicle fascias, dashboaids, 
bumpers etc. and to component assembly in the toy, etc. industries. Many other applications am 

2 5 available in the printing, painting, gluing, lammating and general coating of components of all 

gaomftTries in polymer, plastic, c^mic/inorganic* metal and other materiabp 

[0007] I'he jiicreasing pervasiveness and strength of environmental legislation world- 

wide is creating substeintial pressure on industiy to reduce or elimitiare the use of solvents and 

3 0 other wet chemicals in munufactming, particularly for comp<snentfgurfsse cleaning. In 

particular, CFC-based degreasing ojardtions have h^n largely replaced by plasma cleaning 
technology operating with oxygen, air and ofter nOn-toxic gases. Combining water basM pre- 
clrsixBHs; v.'iih plsumn dlo-^'C eveni:/ h?3£i-d3y nrji^d -rnpirn^B tc aio^i£u SvVil tusis2^ 
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qualities obtained arc typically superior to those resulting ftotn traditional methods. Any 
organic surface contamination i» rapidly scavenged by room t&mperatur& plasma and converted 
to gaseous COz and water which can be safely cxhausied 

5 [0008] Plasmas can also carry out etching of a bulk material, i.e. removal of unwanted 

material. Thus, for example, an oxygen based plasma will etch polymers, a process used in the 
production of circuit boards, etc. Different materials such as metals, ceramics and inorganics 
are etched by careful selection of precursor gas and attention to the plasma chemistry. 
Structures dovra to nanometre criticfll dimension arc now being produced by plasma etching 
10 technology. 

[0009] A plasma technology that is rapidly emerging into mainstream industry is that of 

plasma coating/thin film deposition. TyfHcally, a high level of polymerisation is achieved by 
application of plasma to monomeric gnses and vapours. Thus* a dense, tightly knit and thncc- 

1 5 ditnensionally connected film can be formed which is thermally stable, chemically very resistant 
and mechjiDicdily robust. Such Rhus are dcposiusd confotmaliy on even The most intricate of 
' surfaces and at a temperature which ensures a low thermal burden on the substraie. Plasmas are 
therefore ideal for the coating of delicatje and heat sensitive, as well as robust materials. Plasma 
coatings are free of micix)porcs even with thin layers. The optical properties, e.g. colour, of tiie 

2 0 coating can often be customised and plasma coatings adhere well to even non-polar materials, 
e,g. polyethylene, as well as steel (c.g, anti-corcosion films on metal rcftcctoiis), ceramics, 
semiconductors, textiles, etc, 

[0010] £n all these processes, plasma engineering produces a surface effect customised 

25 to the desired application or product without affecting the material bulk in any way. Plasma 
pmcessing thus offers the manufacturer a versatile and powerful tool allowing choice or a 
material for its bulk technical and commercial properties while giving the freedom to 
independently engineer its surface to meet a totally diffciXMic set of needs. Plasma technology 
thus confers greatly enhanced product functionality, perfbraiance, lifetime and quality and gives 
30 the manufacturing company signiAcant added value to its production capability. 

[0011] Tliese properties provide a sticmg motivadon for industry to adopt plasma-based 

processings and this move has been led since the i96Q$ by ttie nucroelectronics community 
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Which has developed the low pressure Glow Dischai^ge plasma into an ultra-high technology and 
high capital cost engpneering tool for seraiconductor, metal and dielectric processing. The same 
low pressure Glow Discharge type pl&sma has increasingly peneinrted other industrial seciore 
since the lOSOs offering, at more moderate cost, processes such aa polymer surface activation 
5 rorincreascd adhesion/bond smsngth, high quality degreashigfcleamng and the deposition of 
high peiforaiance coatings. Itiiis, ih^e has been a substantial lake-up of plasma technology. 

[0012J However, adoption of plasma technology has been limited by a major constraim 

on most industrial plasma systems, namely, iheir need to operate at low pm$«Mre. Partial 
10 vacuum operation means a closed perimeter, sealed maetor system providing only off-line, 
batdi proueiKing of discrete workpieces. Hiroughput is low or moderate and the need for 
vacuum adds capital and nmnlng costs. 

£0013] Atmospheric prcssum plasmas, however, offer indusuy open ptwt oi- perim^ 

1 5 systems providing &ee ingress into and exit from tfie plasma region by worlcpieces/weba and, 
hence, on-anc, continuous processing of huge or small area webs or COTveyor-cafried discrete 
WQrtcpieces. Throughput is high, ictnforeed by the high species flux obtained fiom high 
pressure operation. Many industrial sectws, such as textiles, packaging, paper, nredical, 
automotive, aerospace, etc.. rely almost entirely upon continuous, on-line processing so that 
2 0 open pofl/perluieter configuration plasmas at atmosphearic prassuic offer a new industrial 
pr<Kse$$ing capability. 

PH>141 Corona and flame (also a plasma} msaunent systems have provided industry with 

a limited fonn of atmospheric pressure plasma processing capability for about 30 years. 

2 5 HowBvo:, desphe their high manufacturability, these systems have failed to penetmte the maricct 

nr he taken iip by mdustry to anything like die same extcsnt the lower pressure, bath- 
processing-only plasma type. Th& reason is that corona/flame systems have significant 
Umltaiions. They operate in ambient air offering a single surface activation process and have a 
negligible effect on many materials and a weak effect on njosL The treatment is often non- 

3 0 uniform and the corona process is incompatible with thick webs or 3D wos^plecs while the 

flame process is incompatible with heat senRiHw. wbstrates. It haa bacome clear that 
atmospheric pressure plissnaa technology must mov© much deepsr into the atmospheric pressure 
plasma airciruin io ds^Mou^fivm^d uyrsisnz iBcsiins; in^ustsy nc-:d3. 
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[0015] Significant advances have been m^de in plasma deposition at atmospheric 

pressure. Considerable work has been done on the stabilisation of atmospheric pressure glow 
discharges, described in Appearance of stable glow diBcharge in air, argon » oxygen and 
5 nitrogen at atmospheric pressure using a SO Hz source by Satiko Okazaki, Masuhiro Kogoma^ 
Makoto Uehara and Yoshihisa Kimura, L Phys. D: AppL Phys. 26 (1993) 889-892. Further, 
there is described in US Patent Specification No. 5414324 (Roth et al) the generation of a 
steady^state glow discharge plasma at atmospheric pressure between a pair of insulated metal 
plate electrodes spaced up to .*5 cm apart and R.F. energised with an rm& potential of 1 to 5 kV 

10 at 1 to 100 kHz. This patent specification describes the use of electrically insulated metallic, 
plate electrodes. This patent specification describes the problems of electrode plates and the 
need to discourage electrical breakdown at the edge of electrodes. It further describes the use 
of the electrodes which in this case are copper plates and a water cooling system which is 
supplied through fluid flow conduits bonded to the electrodes and as such water do&st not 

1 5 come into direct contact with any electrode surface. 

[001€] In US Patent Specification No. 5185 132, (Horiikc et al), there is described an 

atmi>spheric plasma leacdon method in which plate electrodes arc used in a verilcal 
configuratioru However, they ate merely used in the vertical configuration to prepare the 
2 0 plasma and then the plasma is diiccted out from between the plates onto a horisOntfd suti^aoe 
bolow tha vertjcally arranged elcotrodcs. 

[0017] In the applicants co-pending unpublished ^plication. PCT no IBOl/00138, a 

plasma system of the type comprising a pair of paraUel spaced-apart planar electrodes with at 
2 5 least one dielectric plate therebetween and adjacent one electrode* die spacing between the 
dielectric plate and the other dielectric plaie or electrodes fornaing a plasma region for a 
precursor gas wherein a cooling liquid ctistribution sy.stem is pmvided for directing a cooling 
conductive liquid onto the exterior of at least one of the electrode to cover a planar face of the at 
least one clectiodc. 

30 

[0018] According to the invention there is provided an atmospheric pressure plasma 

assembly of tlie type conqarising a first and second pair of vertically arrayed parallel spaced- 
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apan plmiar electrodes with at least one dielectric plaie between said firet pair, adjacent one 
electrode and at least one dielectric plate between said second pair adjacent one electrode, die 
spacing between die dielectric plate and the other dielectric plate or electrode of each of the first 
Artd second pairs of electrodes forming a first and second plasma «gion chanwtcriacd in that 
5 the assembly ftirtber comprises a means of transporting a substrate successively throng said 
first and second pla$ma regions and is adapted such that said substrate would be subjected to a 
dirrerent plasma tmatment in euch plasma region. 

[00191 Tt should he undftrsrood that the term vertical is intended to include substantially 

10 vertical and should not be restricted solely id electrodes portioned at 90 d^rees to the 
horizontal. 

r(M>20J Preferably ttic means of transporting a substrate is a reel to reel based process. 

Preferably in such a case the substrate may be coated on a continuous bassis by being 

15 transported through an atmospheric plasma glow discharge by way of a real to reel based 
process In which Uie tnibsUHte travels from a first reel, through the fiist plasma region at the 
end Of which is provided a guide means or roller or the like adapted to direct substrate which 
has passed through the first plasma region into and through the second pJasma region and on 
to a second red at a constant speed to ensure that all the substrate has a preifctennined 

2 0 residence time within the respective plasma regions. The residence time in each plasma 
t^<m may bo predcbamined prior to coating and rather than varying Hie speed of the 
substrate the length of each of plasma region may be altered such that the substrate may pass 
through both regions at the same speed but may spend a different period of Urae in each due 
to the path length of the substrate through the respective plasma regions. 

25 

[0021] Preferably each subsiraie needs only to bs subjected to one paw thix»ush the 

assembly but if required the substrate be relumed to the firet t^} for furtha- passages 
through the assembly. 

30 [0022] Additional pairs of electiwtean^ be added to the sjatem to form farther 

successive plasma regions thmiigh which a substrate would pass. The additional pairs of 
electrodes may bs situated before or after said first and seccsid pair of electrodes such that 

suoiTJiits -<i'on!d b£- subjajjsd cse^Sfsstmsnt or r j.;t-?KatsiW5i £,i>D&. '^--Jd sd'iiiionsJ pais of 
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electrodes an? preferably situated before or after and most preferably after said firsi and second 
pairs of electrodes. Ttcatmenis applied in the plasma regions formed by the addinonul pairs of 
electrodes may be the same or different from that undertaken in the first and second plasma 
feginns. In the case when additional plasma regions ajt) provided for pre-ticatmcrtt or post- 
5 treatment the necessary number of guides and/or rollers will be provided in order to ensure the 
passage of the sub$tnUe through the assembly. 

[0023J Each electrode may comprise any suitable geometry and construction but 

preferably eadi electrode is of The type described in the applicants co-pemding unpublished 
1 0 patenL application number PCX lEOiyoO 138 wheiein there are pnwided electrode units 
containing an electrode and an adjacent a dielectric plaie and a cooling liquid distribution 
system for directing a cooling conductive liquid onto the exterior of the electrode to cover a 
planar face of the electrode. Each electrode unit may comprise a watertight box having a side 
formed by a dielectric plate having bonded thereto on the interior of the box the planar 
15 electxode together with a liquid inlet and a liquid outlet. The liquid distribution system may 
comprise a cooler and a n?cJiculatiun pump and/or a sparge pipe incorpoiatmg spray no^/Jes. 

[0024] Any suitable dicleetric n^rials swh ^ polycarbonate, polyethylene, glass, etc. 

and metal electrodes may be used- The metal electrodes may be bonded to the dielectric 
2 0 material either by adhesive or by some application of heal and fusion of the metal of the 

elcotrodfit lO the dielectric malcrial. Similarly, the electrode may be encapsulaU:d wiUiin Ihc 
dielectric material. 

[0025] Ideally the cooling liquid covers the face of the electrode remote from the 

2 5 dielectric plate. The cooHng conductive liquid is preferably water and may contain conductivity 
controlling compounds such as metal salts or soluble organic additives. Idi^ly the electrode is 
a metal electrode in contact with the cficlectric plate. In one embodiment there are a pair of 
metal elcotroctes each in contact with a dielectric plaie. The water in accordance with the 
present invention acts as well as being an extremely efficient cooHng agent to also a^ist in 
3 0 providing an efficient electrode. 



[0026] Ideally the dielectric plate extends beyond Ae perimeter of the electrode and 

ilic oouling liquid is also dirked across the dielectric plate to cover at least that portion of 
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dielectric bcMdcring ihe periphciy of the electrode. Pieferably all Uie dielectric plate is 
covered with cooling liquid, llie olecirode may be in ihe fonn of a metal mesh. The water 
also acts to electrically passivaie any boundaries, singuiarities or non-uniformity in the metal 
elecsirtjdes siich as edges, comers or mesh ends where the wire mesh electrodes arc used. 
5 Effectively the water acts as an electrode of limited conductivity. Further, by having a 

vertical arrangement, the weight of large areas of electric systems are now placed so that there 
i& not the same sag or distortion or deformation that there might otherwise be The assembly 
is preferably retained in an outer casing as defined in the applicants co-pending application 
WO 01/59809 in which a bd is provided ro pwvent escape of a process gaa which is requirod 
in order to activate tiie plasma. The lid may be situated on top of the outer casing, i.c 
cuvciiiig UiB lop of aU the clccirodes or may be situated at the bottom of the casing, ie. 
covering the base of all the electrodes, dependent on whether the process gas used is Ughter or 
heavier than air (e.g. helium and argon respectively), 

> [0027] The process gas for use in the plasma treatmetit process is ptoferably an inert 

giks selected from Helium and argon, alone or in combination with niirogen, ammonia. O2, 
HaO, NO2, air or hydrogen. Most preferably the process gas wfll be Helium alone or in 
combination with an oxidizing or reducing gas. The selection of gas depends upon the 
plasma processes to be imdertaJon. When an oxidizing or reducing process gas is required it 
will preferably be utilized in mixture comprising 90 - 99% noble gas and 1 to 10% oxidizing 
or reducing gas. 

10028] Under oxidising conditions the present method may be used to form an oxygen 

containing coating on the substrate. For example, silica-based coatings can be formed on the 
substrate sur«acc from atomised silicon-contaim'ng coating-forming materials. Under 
reducing conditions, tiic pr&s^vt method may be used to form oxygen f»e coatings, for 
example, silicon carbide based coatings may be formed from atomised silicon containing 
coating forming matcnais. 

[0029J In a nitrogen containing atmosphere nitro^ can bind to tiie substrate surface, 

and in an atmosphere containing hotfi nitrngcn artd oxygen, nitrates can bind to and/or four, 
on the substrate surfoce. Such gases may also be used to pre-ireat She substrate surface prior 
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treatment of the substrate may provide improved adhesion with the applied coating. The 
oxygen containing plaimia being genemted by introducing oxygen containing materials to the 
plasma such si$ oxygen gaf; or water. 

5 [0030] A wide variety of plasma treatments aie currently available, those of particular 

importance to the present invention are surface activation, surface cleaning, maierial etching and 
coating applications. Typically the subsiraie may be subjected to any appropriate treatment for 
example whilst passing through the fust plasma region a substrate might be cleaned and when 
passing through thr. second plasma region the substrate might be surface activated, coated or 

10 etched and in the case when ftirther plasma regions are provided after the first and second 

plasma regions satd additional pl^ma regions may, when (ihc second plasma region is udKsed to 
activate a surface, iiiither activate the surface, or i^ply a coating and when the second plasma 
region is utilised to coat the substrate smface, the additional plasn^ regions might be titilised to 
activated the coated surface and then le-coat the surTace, apply a nnft or more further coatings or 

15 the litef dependent on the application for which the subscraie is intended. For example a 
coating fonned on a subslrate may bo post treaied in a range of plasma conditions. Vor 
example, siloxanc derived coatings may be further oxidised by oxygen containii^ plasma 
treatment. The oxygen containing plasma being general by introducing oxygen contabiing 
materials to the plasma such as oxygen gas or water. 

20 

[0031] Any appropriate combination of plasma Ucatrncnis may used, for example Che 

first plasma region may be utilised to clean the surface of the substrate by plasma treating using 
a helium gas plasma and the second plasma region is utilised to apply a coating, for example, by 
application of a liquid or solid spray through an atomiser or nebuliser ^ described in the 

2 5 applicants co-pending unpublished patent application PCT/OBOl/04272. The application of a 

coating of a liquid spray is paiticularly suited as the droplets in the 9pray will be subjected to 
gravitational feed unlike a gas such that the nebuliser is positioned in the assembly such that 
gravity teed of the coating material lesults in the coating precuisor only passing through the 
second plasma region, thereby relying on gravity to pievent transfer of coating precursor into the 

3 0 first plasma region. Alternatively the first plasma region might be utilised as a means of 

oxidation (in for example, an nxygfJ^/Helium process gas) m the application of coating and the 
second plasma region is utilised to apply a second coating using a different precursor. As an 
example having a pre-ireaiment and post-treatment 5t<^ is the following process adapted for 
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me preparation of a SiOx baiTicr with a soil/fuel resisuut outer surface which may be utilised 
for solar cells or in auto applications in which the substrate is first pretreaied by He 
cicaning/aclivation of substrate, followed by deposition of SiOx from a polydimethylsiloxane 
piieciirsAr in the first plasma region. Further Hch'um plasma ttcatmeni to provide extra 
5 erosslinking of the SiOx layer and finally applying a coaling utilizing a perriuorinated 

precursor. Any apptopfiare pre-treatmcnts may be undertaken for example the substratcd may 
be washed, dried, cleaned or gas purged using the process gas for example helium. 

[0032] The coating-forming matftrial may be atomifted udng any conventional meane* 

10 for example an ultrasonic nozzle. The atomiser pmferably produces a coating-fonnine 
material drop size of from i.O to iOO^m, more preferably from 10 to 50\m. Suitable 
atomisers for use in the present invention ate ultrasonic nozzles from Sono-Tek Corporaiion, 
Milton, New York. USA, The apparatus of the present invention may include a plurality of 
atomisers, which may be of particular utility, for example, where the appatatus is to be used 
15 to form a copolymer coating on a substrate from two different coating-forming materials, 
whciiB the inouuuKsrs aic Immiscible or are in different phases, e.g. the fiist is a solid and the 
second is gaseous or liquid. 

[0033] The present invention may be used to form many different types of substrate 

20 coatings. The type of coating which is formed on the substrate is deteimincd by the coating- 
forming matciial(s) used, and d\e present method may be used to {co)polyineri5e coating- 
forming monomer materia](5) onto the substrate surface. The coating-fomiing material may 
be organic or inorganic, solid, liquid or gaseous, or mixtures thcrcof. Suitable organic 
coaiing-foraung materials include caii>oxylate$, methacrylates, acrylates, styrenc^, 
25 methacrylonitriles, alkenes and dienes, for example methyl methacrylate, ethyl methacrylate, 
propyl methaciylate, butyl m^thaciylate, and other alityl methacrylatcs, and the correspoiKKng 
aciylatcs, including organofunctional methacrylates and acrylatcs, including glycidyl 
mBthacryiate,tiimcdioxy$ilyl propyl mcthacrylate, ally! mcthacrylate, hydroxycthyl 
methacrylate, hydroxypropyl mediacrylate, dialkylaminoaUqrl methacrylales, and fluoroalkyi 
3 0 (mfith)$crylates, mcthacryljc acid, acrylic ^id, fumsric acid and esters, iteconic acid (and 

esterj;), maletc anhydride, styrcne, a-methylstyrcnc, halogenated alkencs, for example, vinyl 
halides. such as vinyl chlorides and vinyl fluorides, and fluorinatcdalkcncs, for example 
F5rfluG2Qai!:an-;?^ scrinnitrjl-?. iB-th?— ?lr.riftrn^^ CiJvr/feise. tmopvI cjI!-? anurr?, ^imli^^ny 
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halides, butadienes, aayiamide. such as N-isopropylacrylamidc. meiha«ylamidc. epoxy 
conipounds. far example slycidoxypmpyftrimethoxysilanc. glycidol. siyrene oxide, bumdiene 
monoxide, ethyleneglycol diglycidyiethcr. glyddyl mcthaciylate, bisphenol A diglycidylethcr 
(and its oligomer*), vinylcyclotexene oxide, conduc«T,g po!ymc« such as pym,Ie and 
5 ihiophoic and their derivatives, and phosphorus^ntaining compounds, forexample 

diinethylftliyiphosphonate. Suitable inorganic coating-forming materials include metals and 
metal oxides, including colloidal nietals. Organometallic compounds may also be suitable 
cosrting-fonning materials. Including metal alkoxidcs such as titanates, tin alkoxides, 
ZiTCOnates and alkoxidcs of gennanium and ewW ura. 

[0034] Subsiraces may alternatively be provided with siHca- or siJoxane^based 

coatings using coating-forming compositions comprising silicon-containing materials. 
Suitable silicon-containing materials include silanes (for example, silane, alkylsilanes 
alkylhalosilanes. alkoxysilancs) and linear (for example, polydimethylsiloxane) and cyclic 
ailoxanes (for example, ociamethylcydotctrasiloxane). including oigano-fimctional linear and 
cyclic siloxane* (for example. Si-H cOHlaiiung. halo-funcilonal. and haloalkyl-ftmctional 
linear and cyclic siloxanes. e.g, tetramcthylcyclotetrasiJoxane and 
tri(nonofiuon>butyl>trimethyIcycloirisiJoxane). A mixture of different silicon-containing 
materials may be used, for example to tailor Ae physical ptopeities of the subati^te coating 
for a specified need (e.g. thermal properties, optical properties, such as tefractive index, and 
vi^coelasdc properties). 

[003S] Anadvantageofthopreaentinventionoverthepriorartislhatboth Hquidand 

BoHd atomised coating-fomiing materials may be used to fonn substrate coatings, due to the 
method of the present invention taking place under conditions of atmospheric pressure. 
Furrherftioie the coating-forming materials can be introduced into the plasma discharge or 
resulting stream in the absence of a carrier gas. i.e. they can be introduced directly by, for 
example, direct injecDon. whereby the coating forming materials am injected directly into the 
plasma. 
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r003<n The substrate to be coated may comprise any material, fiuffic'ently flexible 

be transported through the assembly as heminbefore described, for example plastics for 
exaniplc Uicrmoplastics such as polyolefins e.g. polyethylene, and polypropylene. 
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polycarbonates, polyurethanes, polyvinylchloride, polyesters (for example polyalkylene 
temphthaIatcB« particularly polyethylene tcrephihalatc), polytnethacryl^ites (for example 
polymethylmethacrylate and polymers of hydroxycthylmfilhacrylate)» polyepoxides, 
pnly.siilphnnft$» polyphenylenes, polyctherkeiones, pol^dmidesi, polyamidee, polystyrenes, 
5 phenolic, epoxy and melamine-ronnaldehydc rasins, and blends and copolymers thereof, 
preferrea organic polymeric matenals aie poIyolefins» in particular polyethylene and 
polypropylene. 

[0037] The substrate may be in the fonn of synthfttic and/or, natural fibres, woven or 

10 non-woven fibres, powder, $iloxane, fabrics^ woven or non-woven fibres, natural iibrcs, 

syntheiit; fibres celliilosic material and powd$r or a blend of an organic polymmc material 
and a organosilicon-containing additive which is miscible or substantially non-miscible with 
the organic polymeric material as described in the applicants co-pending patent application 
WO 01/40359. For the avoidance of doubt "substantially non-misciblc" means that the 

15 organosilicon-coniaining additive and the organic material have sufficiently different 

intcracdon parameters so as to non-raiwtblc in equilibxium wudidans. This will typically, 
but not exclusively, be the case when the Solubility Parameters of the oi^^anosilicon- 
contalning additive and the organic material differ by more than 0.5 MPa'^, However, the 
size of the substrate is limited by the dimensions of the volume within which the aitnospheric 

2 0 pressure plasma discharge is generated, i.e. the distance between the electrodes of the means 
for generating the plasma. For typical plasma genernltng aj^amtus, the plasma is gei^^ratcd 
mthin a gap of from 5 to SOmm, for example 12 to 25ram, Thus, the present invention has 
particular utility for coating films, fibres and powdere. The generation of a steady-state glow 
discharge plasma at atmospheric pressure is preferably obtained between adjacent electrodes 

25 which may be spaced up to 5 cm apart, dependent on the process gas used. The electtx>des 
being radio frequency encrgisftd with an rms potential of 1 w 100 kV, preferably between 4 
and 30 kV at 1 to 100 kHz, preferably at 15 to 40 kHz- Tho voltage used to form the plasma 
will typically be between 4 and 30 kVotts, however the actual value will depend on die 
chemistry/gas choice and plasma region size between tiie electrodes. 

30 

[003S] Substrates coated by the method of the present invention may have various 

wj$5. For example, a silica-bassd coating, generated in an o:tidising atmosphere, niay 
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additional materials to adhere to the substrate surface; a halo-functional oiganic or siloxane 
coating (e.g. pcrfluoroalkenes) may increase hydrophobiciiy, oleophobiciiy, fuel and soil 
ttsistance, and/or the release properties of the substrate; a polydimethylsiloxane coating may 
enhamx: water resastance and release properties of the substrate^ and may enhonco the softness 
5 of fabrics to touch; a polyacrylic acid polymeric coating may be used as an adhesive layer to 
promote adhesion to subStfate surface or as part of laminated structure; the inclusion of 
colloidal metal species in the coatings may provide surface conductivity to the substrate, or 
enhance its optical properties. Polyihiophene and polypyirole give electrically conductive 
polymeric coatings which may also provide enrrosdon resistance on metallic substrates, 

10 

[0039] The tnveniion will be more clearly understood froni the following description 

of some embodiments thereof given by way of example only with reference to the 
acconipanying drawings, in which:- 

15 Fig, lis a front view of an atmospheric pressure plasma system according to the 

invention. 

Fig. 2 is a partially exploded perspective view of portion of the system illustrated in Fig, 
1. 

20 

Big. 3 is a plan view of the plasma assembly in accordance with the pi«scnt invention 

[0040] ReFening to the drawings and Figs. 1 to 4 thereof^ there is provided an 

atmospheric plasma system, indicated generally by the reference numeral I comfHrising an 

2 5 atmospheric pressure plasma assembly 2 fed by cables 3 by a power source 4 and also fed by 

a nortlirtg water assembly feeding a cooling liquid distribution system mounted within the 
plasma assembly 2 and described in mores detail later. The cooling water assembly comprises 
a water pump 3, a cooler in the form of a heal exchanger 6 and main water distribution pipes 
7. One of the main water distribution pipes 7 feeds an inlet manifold 8 which in turn feeds, 

3 0 through feed water hoses 9 and liquid inleis 14, into the plasma assembly 2. Return water 

hoses 10 connect through liquid oucieus 15, to a further rftTiim output manifold 1 1 which in 
turn is connected to another of the water distribution pipes 7 which feeds the pump 5. 
Fie^ui^ rclcaiic pipes 13 are mounted in the plasma assembly 2. 
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[0D41] Referring new to Hg 2 in which there are provided three watertight boxes 20, 26 

The watertight boxes indicated generally by the reference numeral 20 are joined by v^cal 
insulated spneBns in the form of spacer plates 21 which fozm between the wutertight boxes 20 an 
. 5 open top 22 and an open bottom 23. Each watertight box 2Q qiiniipriscs a rear plate 30 and a 
spaced apart front plate 3 1 mounted on a water containment frame 32 having a crossbar 33 in 
which arc provided drain*off hole$ 34. The rear plate 30 and the Iront plate 31 arc connected to 
the water containment iraine 32 by gaskets 3S. Two sets of wire eiectrodes 36 «u:e mounted in 
the box 20 on the iront place 3 1 . The rear platp. 30 , front plate 3 1 and water containment frame 
10 32 are manufactured of a suitable dielectric material. A pair of sparge poles 40 formed from 
pipes t>f an insulation material, such as a plastics maiedal, carrying a plurality of nozzles 41 are 
mounted within the box 20 and are connected to the feed water hoses 9. 

[0042] Between the watcrtigiht boxes 20 and the spacer plates 21. is a third waterdghr 

1 5 box 26 of substantially the same construction as the boxes 20» in which parts similar to those 
described for watertight box 20 below, Tlic uiily difftirence between the box 26 and the box 20 
is that it cairies effectively two front plates 31 and carries electrodes 36 on each front plate 3 1 
since the plates 31 act as front plates in respect of the boxes 20 on either side of the box 26. Tn 
this embodiment* the nozzles 41 of the sparge poles 40 direct water onto both plates 31. 

20 

[0043] Tn operation, a wodcpiocc may be led through both plasma itsgloii^ 2S and 60 in 

the direction of the arrow A and then down in direction B. Proems gas can be injected into the 
plasnm regions 25, 60 and suitable power can be provided to the electrodes 36 in the plasma 
regions 2S, 60 to effect a plasrha. Water is delivei^ from the inlet manifold 8 through Che feed 

2 5 water hoses 9 into the sparge poles 40 where the water is delivered in a spray out the nozzles 41 

onto the witie electrodes 36 and ;ilso across the exposed interior face of the front plate 31. 

[0044] Kcterring now to Fig.3, there is provided a figure showing how a flexible 

substrate is treated in accordance with the present invention. A means of transporting a 

3 0 substrate through the assembly is provided in the form of guide rollers 70, 71 and 72» a proems 

g3S mlet 75 » an assembly lid 76 and an ultrasonic nozzle 74 for introducing an atomised liquid 
into plasma region 60 are provided- 
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[004S] 



In use a flexible substrate is transported to and over guide roller 70 and is 



thereby guided through plasma region 25 between watertight boxes 20a and 26. The plasma in 
the plasma region 25 is a cleaning helium plasma, i.e. no reactive agent is direct«i into plasma 
25, The helium is introduced iTjto the sysfcm by %vay of inlet 75. Ud 76 is pl^i^cd uver llie top 
5 of the sy$tem to prevent the escape of helium as it is lighter than air. Upon leaving plasma 
region 25 the plasma cleaned substrate passes over guide 71 and is dirwted down through 
plasma region 60, between electrcxi^ 26 and 20b and over roller 72 and then may pass to 
further units of the same type for further tieatment. However, plasma region 60 generates a 
coating for the aub&traie by means of iho injection of a liquid or sold ccoiiTig making material 

1 0 Through ultrasonic nozzle 74. An important aspect of the fact that the reactive ag^t being 
coated is a liquid or solid 3$ that said atomised liquid or solid travels under gravity through 
plasma region 60 and is kept sepataie from plasma region 25 and a$ such no coating occurs in 
pla$nia re^on 25. The coated substrate then passBS through plasma region 60 and is coated and 
then is transported over roller 72 and collected or further treated wiih additional plasma 

15 firedlments. RoU^ 70 and 72 may be reels as opposed to n:7ller5. Having passed thtou^ is 
adapted eo guide the 5ubsU:atc tnio plasma regionZS and on to roller 71. 

[0(M$] It has been found surprisingly thai in addition to cooling, the water in accordance 

with die present invention, also acts to electrically passivate any boundarief;, singularitif^ or 

2 Q non-uniformities in die metal electrodes such as edges, comere or mesh ends where wire mesh 

electrodes at^ u$ed. Il will bt^ appreciated that these, without pa<i<^ivation, can discharge a 
Corona or other plasma^ causing power loss and local heating leading potentially to breakdown. 
Essentially, the water itself acts as an electrode of limited conductivity to smooth out potential 
differences and damp out unwanted electrical discharges inside the electt^odc box. Typically, 
25 the plasma generated in the inter-elcctrode gap will extend about 5 cm beyond the edge of the 
metal eleotrode due to water conductivity- Fuitfacr, there are major advantagies in longer 
residence time in the plasma region which allows the plasma to acces$ all parts of a wor{q>iece 
surface enhancing uniformity of treatment. This is pardculariy important with intricately 
formed workpleces. It has been found with the present invention thai it is possible to maintain 

3 0 low electrode tempetatures even with hi^ plasma power densities ensuring long equipment 

lifetimes and clinrnnadon of excessive thenna] burdens on the workpiece. Radio Frequency 
power was ^Ked using a power supply to tlie electrodes via matching cransfc»mers at 
approximately 40 kHz and ^ibout 30 kW of RF power. 
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[0047] The specificaUon the terms "comprise, comprises, comprised and comprising" 

any variation thereof and Ihe teiros "hicludc, includes, included and including" or any variaiioi 
rheniedr are considered to be totally interchangeable and Uiey should all be afToidsd the widest 
5 possible inieipretation. 
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CLAIMS 

1 . An atmospheric pressure plasma assembly of the type comprising a first and 
second pdir of vertically aixayed parall^] spswwJ-apart planar e]ectn>de8 with at 
least one dielectric p1at& between said tim pair, adjacent one electrode and at 
least one dielectnc plate between said second pair adjacent one electrode, the 
spacing between the dielectric plate and the other dielectric plaie or electrode of 
each of the first and second pairs of electrodes fonrang a first and second plasma 
region chsirdcteriscd in that the assembly further comprises means of 
transporting a substrate successively through said first and second plasma 
regions and Is adapted such thai $aid subsTOte would Ixj subjected lo a different 
plasma treatment in each plasma region. 

2. An assembly in accordance with claim 1 wherein the substrate is transported 
through said first and second plasma regions by means of guide rollers and/or 
guide xccla. 

3. An assembly in accordance with any ixrecedhig claim wherein each electrode 
comprises an electrode unit containing an electrode and an acgacent a dielectric 
plate and a coolmg liquid distributioti sy&tem for directing a cooling 
conductive liquid onto the exterior of the electrode to cover a planar face of 
the electrode. 

4. An assembly in accordance with cl«dm 3 wherein ihe cooling conductive liquid 
is water. 

5. An assembly in accordance widi claim 3 wheidn the electrode unit is in the 
form of a watertight box having a side formed by a dielectric plate having 
bonded thereto on the interior oF the box. a planar electrode together with a 
liquid inlet and a liquid outlet. 
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An assembly in accordance with any preceding claim retained in an outer 
casing in whiqh » lid is provided to prevent escape of a process gas which is 
r&quired in order to activate ihe plasma. 

An assembly in accordance with any preceding claim wherein there is 
pmvided an atomiser for atomizing a liquid or solid coating making material 
which atomised material is utilised to coat the substrate in one plasma region. 

An afwembly in accoirlanre with chim 6 wherein the atomiser is an iiltraiiome 
noz2le. 

A method of plasma treating a substrate comprising using the apparatus 
described in any preceding claim. 

A method in accordance with claim 8 whenein the substrate is synthetic and/or, 
natural fibres, woven oi uon-wovwi fibres, puwdcr, siluAune. fabncs, woven or 
non-woven fibrcs> natural fibres* synthetic fibres cellulosic material and 
powder or a blend of an organic polymeric material and an organosilicon- 
containing additive. 

A method in occordnnoo with claim 8 or 9 wherein the first plasma tx^gion 
through which the Substrate passes is a cleaning plasma and the second plasma 
region through which the substrate passes effects a coating on the substrate by 
means of an atomised liquid or solid coating forming material. 

An atmospheric pressure plasma assembly is hereinbefore described with 
Ti^ference to the drawings. 
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